I. Introduction
The mammalian superior colliculus (SC) plays an important role in orienting movements of the head and eyes. It is a highly laminated structure in the midbrain [13, 16, 36] . The three superficial layers (stratum zonale, SZ; stratum griseum superficiale, SGS; and stratum opticum, SO) receive visual information primarily from two sources: the retina and the visual cortex. The four deeper layers (stratum griseum intermediale, SGI; stratum album intermediale, SAI; stratum griseum profundum, SGP; and stratum album profundum, SAP) receive projections from many functionally different areas of the brain including visual, auditory, and somatosensory areas. One of the primary organizing characteristics of the SC is the topographical distribution of its afferent fibers and efferent cells. Many afferent fibers and efferent cells of the SC show horizontal, vertical or patchlike segregation in the SC [7, 13, 14] . An example is the laminar segregation of retinal and visual cortical inputs. Nearly 2/3 of the retinotectal fibers are located in the upper SGS, while almost 3/4 of primary visual corticotectal fibers are located in the lower SGS [25] . A laminar segregation is also found in many neurochemical-containing neurons. For example, calbindin D28K-immunoreactive (IR) neurons are found in cells located in three tiers of the SC [1, 22, 29, 30] . The parvalbumin-IR neurons are concentrated in a dense tier within the deep SGS and upper SO and form complementary paternal distribution to that of calbindin D28K-containing neurons [5, 31] . Calretinin forms a dense plexus of IR fibers in the superficial layers of the SC [12, 21] . Another example is the specific efferent cell clusters of tectofugal pathways. For example, neurons projecting to the cuneiform region formed clusters and were found to overlap precisely the acetylcholine patches in the SGI [19] . In addition, SC neurons projecting to the inferior olive formed clusters in the dorsal and ventral tiers of the SGI of the SC [13, 19] .
Glutamate and its receptors play a crucial role in various cellular mechanisms. There are at least four forms of AMPA receptor subunits (GluR1-4) [11, 24] . The function of AMPA subunits is not clear yet, but the functional properties of glutamate receptors are determined by their subunit compositions. The GluR2 subunit plays a major role in the determination of the Ca 2+ permeability of the receptors [11, 24] .
There is substantial evidence regarding the presence of glutamate and AMPA receptors in the mammalian SC [6, 17, 33, 35] . In the cat SC, there is a dense band of highly glutamate-IR neurons in the deep SGS and upper SO [17] . Glutamate is well-established as the excitatory neurotransmitter of retinotectal and corticotectal pathways [2, 18, 27, 28] . AMPA receptors have been observed at the postsynaptic sites in both the retinal and cortical afferents in the rat [15, 23] , and cat SC [28] . AMPA receptors also exhibit laminar segregation. GluR2 has been identified in the SO of rat SC [20] . GluR2/3-IR cells formed a dense band of labeled cells within the lower SGS and upper SO in the cat SC, while GluR2/3-IR cells formed a dense band within the upper SO in the rabbit and within the SO in the hamster SC [32] .
Previously, we reported the distributional pattern of GluR2/3 in hamster SC [32] . As the differences in the receptor subunit compositions are a key factor in understanding the distinct functional characteristics of the AMPA receptors in SC, we investigated the organization of GluR1-and GluR4-IR neurons in the present study. First, we examined the distribution and morphology of GluR1-and GluR4-IR neurons to determine if these receptor subtypes are localized in the specific lamina and specific cell types of hamster SC as this animal has been widely used for various anatomical and physiological studies of the SC. Second, we examined whether GluR1-and GluR4-IR neurons are specifically localized in subpopulations of calcium-binding proteins calbindin D28K-, calretinin-, and parvalbumin-IR neurons. Calcium-binding proteins are considered to actively work in calcium-mediated signal transduction [10, 34] . Third, we investigated whether GluR1-and GluR4-IR neurons also express GABA. It is well-known that great numbers of SC interneuron express GABA [26] . Finally, we investigated whether GluR1 and GluR4 immunoreactivities are affected by enucleation. We wanted to see if there were alterations of the numbers of GluR1-and GluR4-IR cells when reducing glutamate activity from retina through the enucleation.
II. Materials and Methods

Animals
Adult hamsters (8-10 weeks old; 20-30 g, n=9) were used in these experiments. The animals were divided into three groups. First, intact hamsters (n=6) were used to determine the normal distribution of immunoreactivity to the AMPA receptor subunits GluR1 and GluR4, and to the calcium-binding protein calbindin D28K, calretinin, and parvalbumin, in the SC. Second, unilaterally (n=3) enucleated animals were used to examine the effects of retinal deafferentation. Enucleation was performed under anesthesia with a mixture of ketamine hydrochloride (30-40 mg/kg) and xylazine (3-6 mg/kg), supplemented as needed to maintain anesthesia. The wound was then filled with sterile gelform to prevent bleeding. The enucleated animals were allowed to survive for 20 days. The National Institutes of Health guidelines for the use and care of animals were followed for all experimental procedures. All efforts were made to minimize animal suffering as well as the number of animals used.
Perfusion and tissue processing
All animals were anesthetized deeply with a mixture of ketamine hydrochloride (30-40 mg/kg) and xylazine (3-6 mg/kg) before perfusion. They were perfused transcardially with 4% paraformaldehyde and 0.3-0.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH=7.4) with 0.002% calcium chloride added. Following a pre-rinse with approximately 30 ml of phosphate-buffered saline (PBS, pH=7.2) over a period of 1-4 min, each hamster was perfused with 30-50 ml of fixative for 5-10 min via a syringe needle inserted through the left ventricle and aorta. The head was then removed and placed in the fixative for 2-3 hr. The brain was removed from the skull, stored for 2-3 hr in the same fixative, and left overnight in 0.1 M phosphate buffer (PB, pH=7.4) containing 8% sucrose and 0.002% calcium chloride. The blocks of midbrain were removed, mounted onto a chuck, and cut coronally into 50 µm thick sections with a Vibratome. For three or four sections, two or three sections were used for immunocytochemistry and one was used for thionin. The thionin stained sections were used to identify the nuclei and collicular layers.
Immunocytochemistry
Polyclonal antibodies against GluR1 (AB 1504) and GluR4 (AB 1508), and a monoclonal antibody against GABA (MAB 316) were obtained commercially from Chemicon (Temecula, CA, USA). Monoclonal antibodies against calbindin D28K, calretinin, and parvalbumin were obtained from Sigma Chemical (St. Louis, MO, USA). The tissues were processed free floating in small vials. The primary antiserum was diluted at 1:100 to 1:1000 and incubated for 48 hr. For HRP immunocytochemistry, the biotinylated secondary antiserum was diluted at 1:200 and incubated for 2 hr. The immunocytochemical methods have been described in detail in our previous report [32] . As a negative control, some sections were incubated in the same solution without the addition of the primary antibody. In addition, preabsorption of anti-GluR1 and GluR4 antibodies with the corresponding synthetic peptides (Chemicon, AG 360 for GluR1 and AG 306 for GluR4, 10 µg of each peptide/ml, 12 hr incubation at room temperature) was performed prior to tissue incubation. These control tissues showed no GluR immunoreactivity (Figs. 1A and B) .
To generate two simultaneous labels, the sections were incubated in the primary antiserum using the appropriate steps described above. For detection by immunofluorescence, the secondary antibodies were fluorescein (FITC) conjugated anti-rabbit IgG (Vector Laboratories, Inc., Burlingame, CA, USA) to detect the anti-GluR1 and GluR4 antibody and Cy5 conjugated anti-mouse IgG (Jackson Immuno-Research Lab., West Grove, PA, USA) to detect the anti-calbindin D28K, calretinin, parvalbumin, or GABA antibody. For fluorescence immunocytochemistry, the secondary antiserum was diluted at 1:100 and incubated for 2 hr. The tissues were examined and photographed using a Zeiss Axioplan microscope or a Bio-Rad MRC 1024 laser scanning confocal microscope.
Quantitative analysis
The morphological types of GluR-IR cells were determined on DAB-reacted sections of normal animals. We estimated labeled cells in five sequential fields. Each field was positioned at approximately equal intervals. For the GluR1-IR cells, the sequential fields, each 194 µm×194 µm in area, across the superior-inferior extent of the SC were centered in the middle SC. For the GluR4-IR cells, the sequential fields, across the medial-lateral extent of the SC were centered over the cluster of labeled neurons in the deep layer. The morphological types of GluR1-IR cells were determined from six different sections (two rostral, two middle, and two caudal sections) from each of two animals. We estimated about six hundred GluR1-IR cells. To match the number of GluR4-IR cells to that of GluR1-IR cells, we estimated GluR4-IR cells from eighteen sections (six rostral, six middle, and six caudal sections) of six normal animals. To obtain the best images, we analyzed cells under differential interference contrast (DIC) optics using 63X Zeiss Plan-Apochromat objectives. Only cell profiles containing nucleus and at least faintly visible nucleolus were included in this analysis. Soma diameters and areas GluR-IR cells were computed using Zeiss AxioVison (Ver. 4, Carl Zeiss) by circling the soma with a pen on the monitor.
To determine the double-labeled neurons of GluR with calcium-binding proteins or GABA, the sequential fields, each 303 µm×303 µm in area, across the superior-inferior extent of the SC were positioned in the medial (four), middle (five), and lateral (three) SC. Double-labeled neurons were counted from six different sections from each of two animals. Double-labeled images were obtained using a Bio-Rad MRC 1024 laser scanning confocal microscope using a 40X objective. The number of double-labeled cells was expressed as a percentage of the total populations of GluR1-and GluR4-IR cells.
To compare the number of GluR1-and GluR4-IR cells of the normal SC, and ipsilateral and contralateral sides of the enucleated hamsters, we counted labeled cells in five sequential fields. For the GluR1-IR cells, the sequential fields, each 303 µm×303 µm in area, across the superior-inferior extent of the SC were centered in the middle SC. For the GluR4-IR cells, the sequential fields, across the mediallateral extent of the SC were centered over the labeled neurons in the clusters within the deep layer. The numbers of GluR-IR cells in normal SC were estimated from six different sections (two rostral, two middle, and two caudal sections) from each of four normal animals. The numbers of GluR-IR cells in enucleated SC were estimated from six different sections (two rostral, two middle, and two caudal sections) from each of three enucleated animals. We summed the numbers of labeled cells obtained in order to compare the normal, ipsilateral, and contralateral sides to the enucleation. The number of GluR-IR cells on the ipsilateral and contralateral sides to the enucleation was expressed as the percentage of labeled cells on the normal control side. The ratios were evaluated statistically by a Student's t-test between normal and ipsilateral, and contralateral sides to the enucleation. Figure 2A shows a thionin-stained section for collicular lamination while Figures 2B-H show GluR1 and GluR4 immunoreactivity in the hamster SC. The distributional patterns of anti-GluR1-and GluR4-IR cells in the present study were a great deal different from each other. GluR1-IR cells were found throughout the SC of the hamster (Fig. 2B , E and F). These cells did not show any specific laminar or cluster distribution. An almost equal density of labeled cells was observed throughout the SC. By contrast, GluR4-IR cells were very selectively distributed in the hamster SC ( Fig. 2C and G) . Figure 2C shows that anti-GluR4 immunoreactivity in the normal hamster SC was distinctively located within the lower SGI and SAI and formed clusters. This cluster of highly GluR4-IR cells could be seen throughout the rostral-caudal extent of the SC. The thickness of this cluster was approximately 200 µm wide from the central portion, and approximately 600-800 µm long from the mid-colliculus. By contrast, very few labeled cells were seen in the other layers. As we previously reported [32] , GluR2/3-IR cells were very selectively distributed and formed a dense band within the SO (Fig. 2D and H) .
III. Results
Distribution of GluR1-and GluR4-IR neurons in the SC
Morphology of the anti-GluR1-and GluR4-IR neurons
GluR1-and GluR4-IR neurons varied both in size and morphology. The majority of GluR1-IR cells had small-to medium-sized cell bodies. The average diameter of 602 GluR1-IR cells measured in 6 sections from 2 animals ranged from 9.03 to 24.57 µm with a mean of 13.00 µm (Fig. 3A) . (Fig. 3B) . The majority of GluR4-IR cells, however, had medium-to largesized cell bodies. The average diameter of 615 GluR4-IR cells measured in 18 sections from 2 animals ranged from 16.63 to 25.78 µm with a mean of 20.00 µm (Fig. 3A) . More than half (55.61% or 342 of 615 cells) of the labeled cells were large-sized (>20.00 µm) with no small cells below 15.00 µm. The average area of the GluR4 cells ranged from 217.12 to 510.50 µm 2 with a mean of 302.60 µm 2 (Fig. 3B) . The principal neuronal type in the hamster SC labeled with antibody to GluR1 was round or oval cells. The staining of GluR1, however, was also robust in other types of neurons. Figure 4A shows small-to medium-sized round or oval cells. These cells usually possessed a single large dendritic ). Indicate regions that are shown in higher magnification in (E-H). SAI, stratum album intermediale; SGI, stratum griseum intermediale; SGS, stratum griseum superficial; SP, stratum profundum; SO, stratum opticum; SZ, stratum zonale. Bar=200 µm (A-D) and 50 µm (E-H).
stump emanating from the cell body. Figure 4B shows a stellate neuron with a stellate-shaped cell body. However, horizontal cells ( Fig. 4C ) with horizontal fusiform cell bodies and horizontally oriented processes and vertical fusiform cells (Fig. 4D, arrowhead) The two principal neuronal types in the hamster SC labeled with antibody to GluR4 were round or oval cells and stellate cells. The staining of GluR4, however, was also robust in other types of neurons. The first morphological type consisted of medium-to large-sized round or oval cells. Figure 4E shows representative medium-sized round or oval cells. The second one consisted of medium-to large-sized stellate cells. Figure 4F shows a representative large-sized stellate cell. Stellate cells had stellate-shaped cell bodies with dendrites which extended in multiple directions. However, horizontal cells ( Fig. 4G ) with horizontal fusiform cell bodies and horizontally oriented processes and vertical fusiform cells (Fig. 4H ) with a thick, proximal dendritic stump directed towards the pial surface were also found. Quantitatively, 62.43±2.97% (mean±S.D.) (384 of 615 cells) of antiGluR4 labeled neurons were round or oval, 28.46±2.58% (175 of 615 cells) were stellate, 6.83±1.41% (42 of 615 cells) were horizontal, and 2.28±1.29% (14 of 615 cells) were vertical fusiform neurons.
Effect of monocular enucleation on GluR1 and GluR4 expression
To determine whether enucleation affects the distribution of the GluR1-and GluR4-IR cells in the hamster SC, we performed monocular enucleation in three animals. Enucle- ation appeared to have no effect on the distribution of both the GluR1-and GluR4-IR cells on the contralateral experimental SC compared to the normal SC after unilateral enucleation (Table 1) 
cells).
Co-localization with GluR1 or GluR4, and calbindin D28K, calretinin, parvalbumin or GABA immunoreactivity
To determine whether the GluR1-or GluR4-IR cells in the hamster SC co-localize with calbindin D28K, calretinin, parvalbumin, or GABA, we labeled GluR1 or GluR4 with fluorescein and calbindin D28K, calretinin, parvalbumin, or GABA with Cy5. Some cells were clearly labeled by both GluR1 and calbindin D28K, calretinin, parvalbumin, or GABA antibodies in the hamster SC (Fig. 5, arrowheads) . Other cells were labeled by one of the antibodies, but not by both. There was no obvious relationship between cell morphology and whether the cell was single-or double-labeled. To estimate the percentage of double-labeled cells of GluR-IR cells, we counted the numbers of GluR-IR cells and double-labeled cells across the SC from six different sections from each of two animals. A quantitative histogram reveals the proportion of colocalization between GluR1 and calcium-binding proteins (Fig. 6) . Quantitatively, (Fig. 7) .
IV. Discussion
The present study has revealed several important features of the hamster SC: 1) the distributional pattern of GluRs is very different among different subunits; 2) coexpression of GluR1 and GluR4 with calcium-binding proteins or GABA is also very different; 3) the numbers of GluR1-and GluR4-IR neurons were not changed by enucleation.
With respect to the distribution, at least one solid conclusion can be drawn from the present and our previous data [32] . Differences in the pattern of distribution among different AMPA subunits are clearly seen in SC. GluR2/3-IR cells formed a dense band within the SO of the hamster SC [32] . However, the distribution of GluR1 and GluR4 is strikingly different from GluR2/3 in the present study. Differences in specialization of the distribution of the AMPA subunits also exist between animals. In contrast to the present result of GluR1, most GluR1 mRNA and GluR1 immunoreactivity were weakly detected in the superficial layers of the rat SC [20] . Our previous study also demonstrated that the organizational feature of the GluR2/3 found in the cat, rabbit, and hamster SC was strikingly different among the species [32] . A heterogeneous distribution of AMPA receptor subunits also has been observed in the avian optic tectum, the comparable area of the SC of non-mammalian vertebrates. Thus, GluR1-IR neurons were located to the layers 2-5, 9, 10, and 13. GluR2/3-IR neurons were located to the layers 9, 10, and 13. However, no GluR4-IR neurons were located in the optic tectum [37] . These combined results indicate that there are considerable subunits and species differences in the distribution of GluRs in the SC. The functional significance of the remarkable different laminar distributional pattern of GluR-IR neurons and interspecies differences is not clear yet.
The present study provides crucial information on the characteristic positions of neurochemically-specific SC cells. Along with results on the laminar segregation of GluR2/3 in the SO [32] , we demonstrated that GluR4-IR cells form a cluster of labeled neurons in the lower lateral SGI and lateral SAI in the present study. One of the characteristic features of SC is that its somas are located within specific domains of the SC [7, 13] . For example, neurons projecting to the inferior olive are located in clusters within the dorsal and ventral tiers of SGI [13, 19] . Jeon and Mize (1993) demonstrated that neurons projecting to the cuneiform nucleus are located in clusters within the SGI, and observed these neurons that project to the cuneiform nucleus in the SC lie within the acetylcholine-rich patches. Moreover, these neurons are possibly related with saccadic eye movement. The lower SGI and SAI receive functional information from many brain areas including cortical areas such as anterior ectosylvian sulcus, anterior lateralsylvian area, dorsolateral suprasylvian area, and periauditory area [8] . The lower SGI and SAI also receive patch-like input from inferior colliculus, substantia nigra, and hypothalamus [7, 9, 13] . Thus, it is possible that the GluR4-IR cell clusters which are characteristically positioned in the lower SGI and SAI may reflect specific functional domains such as for the generation of orienting movement in hamster SC. With respect to the effect of enucleation, we can also draw at least one solid conclusion from the present and our previous data [32] . Differences in the manner of distribution among different GluR subunits are clearly seen after enucleation in hamster SC. The retinotectal fibers are known to project to the superficial layers [13] . A previous study showed that AMPA-binding was significantly reduced in the rat SC after enucleation [3] . Kondo et al. (2000) found a lower expression of GluR2 mRNA and GluR2/3 immunoreactivity in the contralateral rat SC after enucleation. Our lab also demonstrated that immunoreactivity for the GluR2/3 was clearly reduced (35.8%) in the contralateral SC following unilateral enucleation in the hamster. Thus, it is very likely that other subunits of AMPA could be affected by enucleation. Contrary to our presumption, enucleation appeared to have had no effect on the GluR1-and GluR4-IR cells of the hamster SC in the present study. It is not surprising that GluR4-IR cells are not affected by enucleation as GluR4-IR cells are located in the deep layers where retinotectal fibers do not make direct terminals [13] . However, it is surprising that GluR1-IR cells, located numerously in the superficial layers, are not affected by enucleation. Although there are many GluR1-IR cells in the superficial layers, our results suggest that GluR1-IR cells in the superficial layers may receive other major inputs such as the visual cortex. It is not known whether the effect of enucleation on the GluRs is animal specific or not. A previous study showed that the phenomenon on reduction of GluR2/3-IR cells in the hamster and rat were substantially different from those in the cat and rabbit. We found no evidence that enucleation affects GluR2/3 immunoreactivity in the cat and rabbit SC [32] . Thus, there are considerable animal variations. It will be necessary to investigate the effect of GluR1-and GluR4-IR cells in other laboratory animals such as the cat and rabbit. A notable feature of GluRs-expressing neurons in the hamster SC in the present study is that there were marked differences in the expression of calbindin D28K, calretinin or parvalbumin in the GluRs-IR cells. We showed that some GluR1-IR neurons co-expressed calcium-binding proteins, while none of the GluR4-IR neurons co-expressed these proteins. By contrast, more than half of the GluR2/3-IR neurons in the hamster SC co-expressed calbindin D28K [32] . Clearly, the differential co-localization ratio of GluRs with calcium-binding proteins indicates that GluR-activated downstream pathways in postsynaptic neurons in hamster SC should be diverse and may have different susceptibility to glutamate excitocytotoxicity [4] . The existence of calciumbinding proteins in GluR1-and GluR2/3-IR neurons may indicate that many of the GluR1-and GluR2/3-IR neurons in the hamster SC are protected from calcium-overflowing excitotoxic injury while many of the GluR4-IR neurons are more susceptible to calcium-overflowing excitotoxic injury. However, it is worthy to note that there are regional and species differences in calcium-binding protein expressing GluRs-containing neurons. For example, GluR2/3-IR cells express calbindin D28K in cat and hamster SC, while none of the GluR2/3-IR cells in rabbit SC co-expressed calbindin D28K [32] . GluR2/3-IR cells express parvalbumin in cat SC, while none of the GluR2/3-IR cells in rabbit and hamster SC co-expressed parvalbumin. These results emphasize the neurochemical diversity of animal species. The questions on the functional significance on the complex regional and species differences in calcium-binding protein expressing GluRs-containing neurons should be carried out in the future.
The exact function of AMPA subunits in SC remains unclear. However, the different compartmental organization of AMPA subunits may be associated with functionally different neuronal pathways. Neurons in the superficial layers are concerned with vision, while the deeper SC play a role in integrating sensory information into motor signals that help orient the head toward various stimuli and play an important role in saccadic eye movements [13, 15, 36] . The present results suggest that the GluR4-IR cells in the deep layers may be associated with multisensory inputs from cortical or subcortical areas that are concerned with the generation of head, eye, and ear movements. However, the distributional pattern of GluR1-IR cells in the present study suggests that GluR1-IR cells may receive both visual inputs and multisensory inputs from many central nervous systems. On the contrary, our previous results suggest that GluR2/3-IR cells in the SO are mainly associated with visual input from the retina or visual cortical areas that are concerned exclusively with the processing of visual information. The validity of these assumptions should be verified by physiological studies in the future.
In conclusion, the present study demonstrates the organizational patterns of GluR1-and GluR4-IR cells in the hamster SC. Together with the distribution of GluR2/3-IR cells in SO of hamster SC, all GluRs revealed a characteristic distributional pattern. The labeled neurons were heterogeneous in size and shape. Monocular enucleation appeared to have no significant effect on the GluR1 and GluR4 immunoreactivity. Some GluR1-IR cells also expressed calciumbinding proteins or GABA, while no GluR4-IR cells expressed calcium-binding proteins or GABA. Further studies are needed to investigate the functional significance of the variations observed among the different subunits.
